Pyrinomonas methylaliphatogenes gen. nov., sp. nov., a novel group 4 thermophilic member of the phylum Acidobacteria from geothermal soils An aerobic, thermophilic, moderately acidophilic non-spore-forming bacterium, strain K22 T , was isolated from geothermally heated soil at Mount Ngauruhoe, New Zealand. On the basis of 16S rRNA gene sequence similarity, K22 T was shown to belong to subdivision 4 of the phylum Acidobacteria and to be most closely related to 'Candidatus Chloracidobacterium thermophilum' (86 %) and Blastocatella fastidiosa (86 %). Cells stained Gram-negative and were catalase and oxidase-positive. The major fatty acids detected were iso-C 15 : 0 , iso-C 17 : 0 , iso-C 19 : 0 and iso-C 21 : 0 when standard lipid extraction protocols were employed. Analysis of the total cell lipid acid hydrolysate also detected membrane-spanning and ether lipids, which made up approximately 40 % of the total membrane composition. These lipids included dicarboxylic (iso-diabolic) acid and the glyceryl ether of alkyl analogues of iso-C 15 : 0 and iso-diabolic acid. The G+C content of the genomic DNA was 59.6 mol% and the primary respiratory quinone was MK-8. Strain K22 T grew at 50-69 6C with an optimum temperature of 65 6C and at pH 4.1-7.8 with an optimum growth pH of 6.5. NaCl tolerance was up to 1 % (w/v). Cells displayed a chemoheterotrophic and obligately aerobic metabolism. Cells grew on nutrient broth, alginate, arabinose, Casamino acids, glucose, lactate, formate, mannose, sodium alginate, peptone, sucrose, tryptone, xanthan, xylan, xylose and yeast extract. Nitrogen sources included nitrate, ammonium, urea, yeast extract and Casamino acids, but not dinitrogen gas. The distinct phylogenetic position and the phenotypic characteristics separate strain K22 T from all other members of the class Acidobacteria and indicate that it represents a novel species and genus, for which the name Pyrinomonas methylaliphatogenes gen. nov., sp. nov. is proposed. The type strain of the type species is K22
Bryobacter in subdivision 3 (Kulichevskaya et al., 2010) ; Holophaga, Geothrix and Acanthopleuribacter in subdivision 8 (class Holophagae) (Coates et al., 1999; Fukunaga et al., 2008; Liesack et al., 1994) ; 'Thermotomaculum' in subdivision 10 (Izumi et al., 2012) ; and the newly described Thermoanaerobaculum in subdivision 23 (Losey et al., 2013) . Three subdivision 4 members of the phylum Acidobacteria have also been cultivated, including a phototrophic and thermophilic acidobacterial strain, 'Candidatus Chloracidobacterium thermophilum' (Bryant et al., 2007) , soil isolate strain Ellin6075 (Sait et al., 2002) and a recently described mesophilic strain, Blastocatella fastidiosa (Foesel et al., 2013) . Here we describe a fourth subdivision 4 strain isolated from geothermally heated soils in New Zealand (Stott et al., 2008) . Previously, we have described the use of low-nutrient solid media to isolate difficult-to-cultivate soil bacteria from geothermal environments (Stott et al., 2008) including a novel strain representing a member of the phylum Acidobacteria, strain K22. Here the phenotypic and phylogenetic characteristics of this novel isolate are described and a novel genus and novel species are proposed to accommodate the strain. Strain K22
T was isolated from geothermally heated soils collected from Mount Ngauruhoe, an active stratovolcano located in the Tongariro volcano complex on the North Island of New Zealand. Soil (0-5 cm depth) was sampled from the edges of a fumarolic venting area on the outer rim of the crater (68 u C, pH 6.9). The sample site was devoid of vegetation with the exception of some mosses where condensed steam provided moisture. K22
T was enriched and isolated using 50 % diluted (w/v) R2A medium (Merck) (Reasoner & Geldreich, 1985) , which was solidified using 1.5 % (w/v) gellan gum (Phytagel; Sigma) with 1 g MgCl 2 . 6H 2 O l
21
. The pH was adjusted to 6.9 to reflect the soil pH. Enrichment, isolation and maintenance of cells were conducted as described previously (Stott et al., 2008) . Unless otherwise stated, all characterizations were conducted using the basal liquid FS1V medium (Stott et al., 2008 ) (see supplementary methods available in IJSEM Online) with the addition of 0.1 g Casamino acids l 21 (Difco) and 0.5 g glucose l 21 in an oxic headspace (1 : 1 ratio of headspace to medium).
Genomic DNA was extracted and the 16S rRNA gene amplified by PCR as previously described (Stott et al., 2008) . The 16S rRNA gene product was checked for chimeras with Bellerophon (Huber et al., 2004) . The most closely related organisms were identified by a MEGA BLAST search (Altschul et al., 1997) . The 16S rRNA gene sequence of strain K22
T was 1432 bp long, and it has been submitted to the GenBank, EMBL and DDBJ databases under the accession number AM749787 (Stott et al., 2008) . Sequence similarity calculations after a neighbour-joining analysis indicated that the most closely related described strain(s) to K22
T were 'Candidatus C. thermophilum', strain Ellin6075 (AY234727) and Blastocatella fastidiosa (all three strains had 16S rRNA gene sequence similarities of 86 % with strain K22 T ). Two bacterial clones (EU490264 and EU49079) detected in a heated soil environment at Tramway Ridge, Mount Erebus, Antarctica (Soo et al., 2009) were the most closely related phylotypes to K22 T with 95 % and 97 % sequence similarity respectively. The K22 T 16S rRNA gene sequence was manually aligned within the ARB software environment (Ludwig et al., 2004; Pruesse et al., 2007) . The TREE-PUZZLE quartet-puzzling maximum-likelihood algorithm (Stamatakis, 2006) using 10 000 puzzling steps was used to reconstruct the phylogenetic tree (Fig. 1) . Strain K22
T grouped with cultivated and non-cultivated strains associated with acidobacterial subdivision 4 (Barns et al., 1999 (Barns et al., , 2007 Hugenholtz et al., 1998; Zimmermann et al., 2005) . It is placed as one of the most deeply branching phylotypes within subdivision 4 and groups with uncultivated strains previously cited from Tramway Ridge (Soo et al., 2009) .
Strain K22
T formed circular, convex and entire colonies within one week on solidified medium. Colonies were white to semi-transparent in colour (Fig. S1 ). Cells were straight, sometimes bent, rods, stained Gram-negative and were approximately 0.3-0.6 mm in diameter and 1-4 mm in length (Fig. 2) . Chains of cells were commonly observed, particularly in liquid medium, with four-cell chains being most common and occasionally longer chains of up to 20 cells. In contrast, single cells were the dominant form when K22
T cells grown on solidified medium were examined. In liquid culture, cells often clumped into white aggregates up to 5 mm in diameter when agitated (Fig. S2 ) and as a white pellicle under static conditions. Cells divided by binary fission and were non-motile. Neither spore formation nor flagella were observed. Transmission electron microscopy (TEM) analysis (Stott et al., 2008) confirmed the Gramstain-negative cell wall structure as well as highlighting an electron-diffuse area at the cell poles which may be storage material (Fig. 2) . These structures were thought to be polyhydroxyalkanoate (PHA) granules and were tested via fluorescence microscopy after staining with Nile blue A (Ostle & Holt, 1982) and also using PhaC synthase primers, (Foote, 2002) . PHAs were not detected with the stain and a phaC gene was not amplified. Strain K22 T grew at 50-69 uC, with an optimal temperature of 65 uC. No growth was observed at 45 uC or at 70 uC after two weeks of incubation. It had a pH growth range between 4.1 and 7.8, with an optimal pH of approximately 6.5. No growth was observed in liquid medium at pH 3.5 and 8.1. See supplementary methods for notes on pH testing. The pH growth range is generally consistent with results from phenotypic characterization of other cultivated strains from subdivision 4 (Bryant et al., 2007; Foesel et al., 2013) . 16S rRNA gene sequences belonging to subdivision 4 are detected frequently in soils of neutral or alkaline pH but infrequently in soils with acidities below pH 5.4 and they have not been detected in soils with acidities of ,pH 4.0 (Barns et al., 1999) .
Substrate utilization tests were conducted in triplicate in 125 ml serum bottles incubated at 60 u C in an oxic atmosphere at 180 r.p.m. for 7 days. Sterile FS1V medium minus Casamino acids, yeast extract and glucose was inoculated using three-day-old strain K22
T colonies picked from solidified medium. A list of substrates tested (0.5 g l 21 unless otherwise stated) is given in Table S1 . Aerobic growth using H 2 and CH 4 gases was tested using 100 ml serum bottles containing approximately 40 ml FS1V medium. These were capped air-tight with butyl rubber septa and CH 4 or H 2 gas was added to the aerobic headspaces at a final mixing ratio of 5 % (v/v). Neither H 2 nor CH 4 supported growth. Strain K22 T grew chemoheterotrophically and was able to grow using nutrient broth, R2A, yeast extract, Casamino acids, tryptone, peptone, arabinose, glucose, mannose, sodium alginate, sucrose, xanthan gum, xylan, xylose, sodium lactate and sodium formate as energy sources. Anaerobic growth was tested using elemental sulphur, nitrate, or sulphate as terminal electron acceptors as previously described , with glucose (0.2 g l 21 ) as the energy source. No growth was observed. These data indicate that K22
T is an obligate aerobe and has a preference for proteinaceous substrates, along with a number of simple carbohydrates including a range of pentose (C 5 ) sugars.
Autotrophic growth was tested by comparing the growth of strain K22
T with and without CO 2 addition (5 %, v/v) to an air headspace in standard cultivation medium. In addition, growth was also tested in an artificial oxic headspace (v/v; 80 % N 2 and 20 % O 2 ) with no additional CO 2 . A consistent increase in biomass yield (via dry mass measurements) was noted with the addition of CO 2 , compared with controls with no supplementary CO 2 . This observation indicates that K22
T can assimilate carbon heterotrophically, but can also supplement carbon via an , or 100 mg Casamino acids l 21 under a N 2 -free atmosphere (v/v; 75 % Ar, 20 % O 2 and 5 % CO 2 ) in N-free FS1V medium. Nitrogen fixation was tested in a similar manner, except that strain K22 T was incubated in N-free FS1V medium with an air atmosphere. Strain K22
T was able to use nitrate, ammonium, urea and Casamino acids as nitrogen sources, but was unable to fix dinitrogen gas. NaCl tolerance was assessed by growing strain K22 T in FS1V liquid medium at pH 6.5 containing (w/v) 0.5 %, 1.0 %, 2.0 %, 3.0 % and 4.0 % NaCl with glucose (2.0 g l 21 ) serving as the carbon and energy source. No growth was observed at NaCl concentrations of over 1.0 % (w/v). Photosynthesis was also tested by cultivating K22
T aerobically in the light in FSV1 basal medium with no additional energy or carbon source. No growth was observed.
T demonstrated positive reactions for catalase and oxidase. A selection of enzymic activities were also tested using APIZYM 25-200 strips (bioMérieux). Positive results were obtained for the following enzymic activities: alkaline phosphatase, esterase (C4), esterase lipase (C8), leucine arylamidase, valine arylamidase, trypsin, acid phosphatase, naphthol-AS-BI-phosphohydrolase, b-glucuronidase, b-glucosidase and N-acetyl-b-glucosaminidase. Antibiotic sensitivity was assessed by growing strain K22 T in either 50 % R2A liquid or solid media (depending on solubility) with either 10 or 100 mg antibiotic ml
21
. No growth was observed in liquid medium containing 10 and 100 mg neomycin, kanamycin, chloramphenicol, polymyxin B, streptomycin, tetracycline, vancomycin or ampicillin ml 21 and solid media containing 10 and 100 mg rifampicin or erythromycin ml 21 . Monensin (10 and 100 mg ml
) and trimethoprim (10 and 100 mg ml 21 ) did not inhibit the growth of K22 T , and lasalocid A did not inhibit growth at 10 mg ml
, but was not tested at 100 mg ml
. Fatty acid methyl esters (FAMEs) were prepared from lategrowth-phase cells and analysed without prior extraction as previously described (Svetashev et al., 1995) . Table S2 shows the fatty acid composition of K22 T (only components .1.0 % presented). The iso-branched fatty acids iso-C 15 : 0 (40.8 %), iso-C 17 : 0 (30.8 %) iso-C 19 : 0 (12.1 %) and iso-C 21 : 0 (4.8 %) were the most abundant cellular fatty acids (Table 1) . Alkanes were detected and identified (via GC-MS) as representing approximately 40 % of fatty acids content, with the major component 2-methyleicosane (.70 %) . Acid hydrolysis of the total cell material confirmed the dominance of isobranching fatty acids, but also detected an abundance of glyceryl ethers of alkyl analogues of iso-C 15 : 0 , iso-C 17 : 0 and iso-diabolic acid carbon skeletons and iso-diabolic acid (sum total of approximately 40 % of the total cellular extract; Table S3 ). iso-Diabolic acid is the characteristic membrane-spanning dicarboxylic acid detected in acidobacterial isolates of subdivision 1 and 3 Acidobacteria (Sinninghe Damsté et al., 2011) . Analysis of the intact polar lipids (IPLs) of K22
T by LC/MS using procedures described previously (Sinninghe Damsté et al., 2011) revealed the presence of phosphatidylcholines and phosphatidylethanolamines and an unknown group of IPLs (Table S4 ). The alkyl analogues present in these IPLs are predominantly C 15 : 0 and C 17 : 0 , which occur partly ether-bound. The quinone and DNA G+C content of K22 T was determined by the Identification Service at the Deutsche Sammlung fur Mikroorganismen und Zellkulturen (DSMZ; Braunschweig, Germany). The primary quinone of K22
T was MK-8 and the DNA G+C content was 59.6 mol% G+C.
Strain K22
T is the fourth cultivated thermophilic acidobacterial species to be described and has the highest temperature optimum (65 u C) recorded to date (Bryant et al., 2007; Izumi et al., 2012; Losey et al., 2013) . Members of the phylum Acidobacteria are frequently detected in high-temperature habitats, such as deserts (Gundlapally & Garcia-Pichel, 2006 ) and hydrothermal terrestrial and marine systems (Bryant et al., 2007; Glamoclija et al., 2004; Gundlapally & Garcia-Pichel, 2006; Izumi et al., 2012; Ló pez-Garcia et al., 2003; Losey et al., 2013) , so it is probable that further thermophilic strains will be cultivated. A table detailing the characteristics of selected members of the phylum Acidobacteria (Table 1) highlights the differences between thermophilic acidobacterial species, of subdivision 4 of the phylum Acidobacteria and Acidobacterium capsulatum. The fatty acid content of strain K22
T was dominated by iso-branching fatty acids (91.5 % of the fatty acid content extracted by conventional methods; Table S2 ) and may confer membrane stability at elevated growth temperatures. Iso-branching fatty acids are commonly observed in cultivated members of the phylum Acidobacteria, particularly of the fatty acids iso-C 15 : 0 and iso-C 17 : 0 (Eichorst et al., 2007; Kulichevskaya et al., 2012; Pankratov et al., 2012; Sinninghe Damsté et al., 2011) although not in the concentrations observed in strain K22
T . Furthermore, the detection of membrane-spanning lipids including iso-diabolic acid and the glyceryl ether of diabolic acid is consistent with their occurrence in subdivisional groupings 1 and 3 of the phylum Acidobacteria, and the abundance of these lipids in K22
T (approximately 40 % of the total cell lipid extract) may also be in response to elevated temperatures. Strain K22 T had a restricted, but diverse substrate utilization spectrum which is primarily proteinaceous but also displayed some ability to grow on simple carbohydrates including pentose sugar substrates. It should be noted that elevated concentrations of these substrates tended to restrict K22 T 's growth (results not shown), which is consistent with our previous observations that oligotrophic media tends to favour successful cultivation of recalcitrant thermophilic micro-organisms (Stott et al., 2008) . Strain K22
T is the third characterized isolate from subdivision 4 of the phylum Acidobacteria and is phylogenetically and physiologically dissimilar from other isolates. While the three strains, 'Candidatus C. thermophilum', Blastocatella fastidiosa and strain K22 T share some similar traits including a Gram-negative staining reaction, aerobicity and MK-8 as the primary respiratory quinone, they share few other common characteristics (Table 1) . Strain K22 T and 'Candidatus C. thermophilum' are both thermophilic and have similar DNA G+C contents, but they are differentiated by pH range and optima, temperature optima and primary metabolism ('Candidatus C. thermophilum' is an anoxygenic photoheterotroph). Likewise, Blastocatella fastidiosa differs from strain K22
T by pH and temperature ranges and DNA G+C and fatty acid contents. Membrane-spanning lipids such as dicarboxylic (iso-diabolic) acid and glyceryl ethers of alkyl analogues of fatty acids and diabolic acid have not yet been tested for in 'Candidatus C. thermophilum' or Blastocatella fastidiosa. However, considering the significant quantity of these lipids found in strain K22
T , further analysis of the total membrane extracts of these subdivision 4 micro-organisms is warranted. The findings described above demonstrate that strain K22
T is a novel and distinctive bacterium within the phylum Acidobacteria. We therefore propose a new genus and novel species, Pyrinomonas methylaliphatogenes gen. nov., sp. nov., to accommodate this isolate.
Description of Pyrinomonas gen. nov.
Pyrinomonas [py.ri.no.mo9nas. Gr. adj. pyrinos born of fire, igneous, fiery; Gr. fem. n. monas a unit, monad; N.L. fem. n. Pyrinomonas fire unit (bacterium), referring to its volcanic habitat].
Gram-stain-negative, catalase-positive, oxidase-positive. Cells are non-motile, non-spore-forming rods. Cell division by binary fission. Thermophilic, chemo-organotrophic, aerobic, moderately acidophilic. The major respiratory quinone is MK-8. The primary fatty acids are iso-C 15 : 0 , iso-C 17 : 0 and iso-C 19 : 0 . iso-Diabolic acid and glyceryl ethers of alkyl analogues of iso-C 15 : 0 and iso-diabolic acid are present in significant proportions in the total lipid extract. The type species is Pyrinomonas methylaliphatogenes.
Description of Pyrinomonas methylaliphatogenes sp. nov.
Pyrinomonas methylaliphatogenes [me.thyl.a.li.pha.to9ge.nes. N.L. n. methylum (from French méthyle back-formation from French méthylène, coined from Gr. n. methu, wine and Gr. n. hulê, wood) the methyl group; Gr. n. aliphar -atos oil, fat; N.L. suff. -genes (from Gr. v. gennaô to produce) producing; N.L. n. methylaliphatogenes producing (iso) methyl-branching fats and glyceryl ether lipids].
Cells are non-motile, non-spore-forming rods (approximately 0.3-0.6 mm in diameter and 1-4 mm in length). Cells form circular, convex and entire colonies white/semitransparent in colour. In liquid culture, cells often form white aggregates. Gram-stain-negative, oxidase-positive and catalase positive and exhibits an oxidative chemoheterotrophic and obligately aerobic metabolism. Cells grow on nutrient broth, alginate, arabinose, Casamino acids, glucose, lactate, formate, mannose, sodium alginate, peptone, sucrose, tryptone, xanthan, xylan, xylose and yeast extract. Optimal growth at 65 u C (range: 50-69 u C) with an optimal pH of approximately 6.5 (range: 4.1-7.8). NaCl tolerance up to 1 % (w/v). Growth occurs with or without CO 2 . N-sources include nitrate, ammonium, urea, yeast extract and Casamino acids. Anaerobic and photosynthetic growth was not observed. Sensitive to neomycin, kanamycin, chloramphenicol, polymyxin B, streptomycin, tetracycline, vancomycin, rifampicin, erythromycin and ampicillin, but not monensin, trimethoprim or lasalocid A. The cellular quinone is MK-8. The primary fatty acids are iso-C 15 : 0 , iso-C 17 : 0 , iso-C 19 : 0 and iso-C 21 : 0 . Also detected is the membrane-spanning dicarboxylic acid 13,16-dimethyl octacosanedioic (iso-diabolic) acid. Glyceryl ethers of alkyl analogues of iso-C 15 : 0 and iso-C 17 : 0 and iso-diabolic acid are the primary glyceryl ether lipids. Polar lipids include phosphatidylethanolamine and phosphatidylcholine.
The type strain, K22
T (5DSM 25857 T 5ICMP 18710 T ), was isolated from geothermally heated soils from the fumaroles on the flank of Mount Ngauruhoe, New Zealand. The DNA G+C content of the type strain is 59.6 mol%.
